Aim: To develop a combined population pharmacokinetic model (PPK) to assess the magnitude and variability of exposure to both clozapine and its primary metabolite norclozapine in Chinese patients with refractory schizophrenia via sparse sampling with a focus on the effects of covariates on the pharmacokinetic parameters. Methods: Relevant patient concentration data (eg, demographic data, medication history, dosage regimen, time of last dose, sampling time, concentrations of clozapine and norclozapine, etc) were collected using a standardized data collection form. The demographic characteristics of the patients, including sex, age, weight, body surface area, smoking status, and information on concomitant medications as well as biochemical and hematological test results were recorded. Persons who had smoked 5 or more cigarettes per day within the last week were defined as smokers. The concentrations of clozapine and norclozapine were measured using a HPLC system equipped with a UV detector. PPK analysis was performed using NONMEM. Age, weight, sex, and smoking status were evaluated as main covariates. The model was internally validated using normalized prediction distribution errors. Results: A total of 809 clozapine concentration data sets and 808 norclozapine concentration data sets from 162 inpatients (74 males, 88 females) at multiple mental health sites in China were included. The one-compartment pharmacokinetic model with mixture error could best describe the concentration-time profiles of clozapine and norclozapine. The population-predicted clearance of clozapine and norclozapine in female nonsmokers were 21.9 and 32.7 L/h, respectively. The population-predicted volumes of distribution for clozapine and norclozapine were 526 and 624 L, respectively. Smoking was significantly associated with increases in the clearance (clozapine by 45%; norclozapine by 54.3%). The clearance was significantly greater in males than in females (clozapine by 20.8%; norclozapine by 24.2%). The clearance of clozapine and norclozapine did not differ significantly between Chinese patients and American patients. Conclusion: Smoking and male were significantly associated with a lower exposure to clozapine and norclozapine due to higher clearance. This model can be used in individualized drug dosing and therapeutic drug monitoring.
Introduction
Clozapine is a tricyclic dibenzodiazepine antipsychotic drug that is commonly used in the treatment of schizophrenia, particularly in patients who are refractory or intolerant to the side effects of traditional antipsychotics [1] . Although clozapine may cause agranulocytosis in some patients, the incidence is approximately 0.38%. In addition, clozapine does not cause acute extrapyramidal toxicity or irreversible neurologic side effects [2] . Because its benefits outweigh its side effects, clozapine has been accepted internationally as an antipsychotic drug and is used to treat approximately 31.7% of Chinese schizophrenia patients [3] . Clozapine is metabolized primarily by human cytochrome P450 (CYP) isozyme 1A2, yielding a www.nature.com/aps Li L J et al Acta Pharmacologica Sinica npg pharmacologically active metabolite, norclozapine [4] . Several investigators have shown that the degree to which clozapine is converted into norclozapine predicts the clinical outcome with respect to multiple measures of cognition, negative and positive symptoms, as well as quality of life [5, 6] . Thus, routine therapeutic drug monitoring (TDM) of clozapine and norclozapine is recommended to ensure safety and minimize toxic adverse events [7] . Significant intra-and inter-individual pharmacokinetic (PK) variability for clozapine and norclozapine has been observed in routine TDM [8, 9] . The influences of sex, smoking, CYP1A2 activity and other factors on clozapine plasma concentrations have been previously reported [10] [11] [12] [13] . However, studies exploring the effect of sex and smoking status on dose and concentration have shown mixed effects, and the clinical administration of clozapine is characterized by frequent dose changes and different dose intervals. Therefore, comparing only dosenormalized concentrations does not ensure the magnitude of the effect or provide suggestions for suitable personalized therapy.
Population pharmacokinetic (PPK) analysis is a robust tool for obtaining valuable PK information from both sparsely and intensively sampled data. The influence of potential covariates on drug exposure can also be quantitatively evaluated in PPK analysis by incorporating these covariates into the modeling process. This method also enables the characterization of both the inter-individual and intra-individual variabilities. Our research group has built a PPK model for clozapine in Chinese patients using retrospective TDM data [14] . However, this model was limited by the evaluation methods and the small sample size and failed to provide thorough information on the PPK parameters of both clozapine and norclozapine. A review of the recent literature yielded two studies by one group on the PPK analysis of clozapine and norclozapine simultaneously. Robert R BIES et al developed a combined PPK model of clozapine and norclozapine for American patients based on the assumption that all clozapine was excreted as norclozapine, and they estimated the PK parameters using a fixed central volume of 7 L/kg for both clozapine and norclozapine [11, 15] using retrospective TDM data and outpatient concentration data.
In this study, another structural model for simultaneously analyzing clozapine and norclozapine in Chinese patients with schizophrenia was built without a fixed volume of distribution. The concentration data were collected using a prospective study design covering plasma data for both the absorption and distribution phases to calculate the PK parameters for clozapine and norclozapine. The results of this study may be used to better understand the PK characteristics of clozapine in Chinese patients with schizophrenia. Ultimately, our goal is to link the PK model with the pharmacodynamics (PD) of clozapine's antipsychotic effect to guide personalized therapy.
Materials and methods

Patients and data collection
The inclusion criteria for patients included a diagnosis of schizophrenia according to the Diagnostic and Statistical Manual of Mental Disorders IV (DSM-IV) established by administering the Structural Clinical Interview for DSM-IV (SCID) augmented by a review of the medical records. Most patients were treated with oral clozapine twice or three times per day. In this study, only one brand of clozapine (Jiangsu Nhwa pharmaceutical corporation limited, Xuzhou, China) was administered. Persons who had smoked five or more cigarettes per day within the last week were defined as smokers. Compliance was assessed by the determination of the serum concentration of clozapine several times during the study and by interview with the attending psychiatrists. Twenty percent of total samples were obtained between 0.5 h and 4.5 h after the last dose, and the remaining samples were obtained between 8.5 h and 15.5 h after the last dose. Previous institutional ethical approval was obtained, and all patients in the study gave written informed consent.
Relevant patient concentration data (eg, demographic data, medication history, dosage regimen, time of last dose, sampling time, concentrations of clozapine and norclozapine, etc) were collected using a standardized data collection form. The demographic characteristics of the patients, including sex, age, weight, body surface area, smoking status, and information on concomitant medications as well as biochemical and hematological test results were recorded.
Determination of clozapine and norclozapine concentrations in serum An Agilent 1200 integrated high-performance liquid chromatography system equipped with a UV detector was used. The separation of the compounds was performed on an Inertsil ODS-3 column (5 μm, 150 mm×4.6 mm, id) at room temperature. The column was preceded by a Phenomenex SecurityGuard TM C18 guard column (4.0 mm×3.0 mm id). The mobile phase consisted of methanol:acetonitrile:water: acetic acid:butylamine at 32:73:95:2:1 (v/v/v/v) and was pumped at a flow-rate of 1.0 mL/min. Detection was performed at the wavelength of 254 nm. The height ratios of the compounds' peaks to the desipramine peak (internal standard) were employed for all calculations. The lower limits of detection for clozapine and norclozapine were both 0.08 μmol/L. The coefficient of variation was less than 5% for both clozapine and norclozapine [16] .
Population pharmacokinetic modeling
The PPK analysis was performed using NONMEM (version 7, level 1.0, ICON Development Solutions, Ellicott City, MD, USA) [17] [18] [19] . The plasma concentration-time profiles for clozapine and norclozapine were described by a base structural model using the subroutine ADVAN5 [20] . The structural model ( Figure 1 ) was based on the following assumptions: a proportion of clozapine was converted into norclozapine in the central compartment of clozapine through a first-order conversion mechanism and the rest was converted into other metabolites. The PK structural model was parameterized in terms of the apparent clearance and the apparent distribution The unexplained random variability in the individual values of the structural model parameters were described in the interindividual variability (IIV) model. The IIV of the PK parameters was assumed to be log normally distributed; the relationship between a parameter and its variance could be expressed as follows:
where P j is the value of the parameter as predicted for the individual j, P TV is the population typical value of the parameter, and η p represents the difference in the estimated parameter for the jth subject from the population typical value, which was identically distributed with a mean of zero and a variance of ω p 2 .
The residual error was tested using additive, proportional, and combined error structures as follows:
Additive error model: y ij =y ij '+ε ij Proportional error model: y ij =y ij '×(1+ε ij ) Combined additive and proportional error model: y ij =y ij '×(1+ε ij )+ε ij ' where y ij is the jth observation in the ith individual; y ij ' is the model's predicted value; and ε ij and ε ij ' are the normally distributed random errors with mean values of zero and variances of σ 1 2 and σ 2 2 , respectively. The residual error model was tested for the parent and metabolite in this model.
The full model was built by stepwise forward inclusion and the effect of each covariate was evaluated. The individual PK parameters obtained from the basic model were plotted against each covariate separately and the scatter plots helped to identify the trends and the regression pattern. Then, each covariate was incorporated stepwise into the basic regression model to develop the intermediate and full models. When the addition of a covariate resulted in a decrease in the objective function value (OFV) of >6.63 (chi-square, P<0.01, df=1), the covariate was considered statistically significant during the covariate forward-inclusion process. In this study, both continuous covariates (eg, age and weight) and discrete covariates (eg, sex, smoking status, and concomitant medications) were introduced into each parameter in a stepwise fashion. The relationship between the population typical value of the clearance and a continuous covariate such as age was evaluated using the following relationship:
TVCL=θ CLF ×(1+(AGE-AGE AVE )×θ AGE ) where TVCL is the population typical value of clearance, AGE is the age of the individual in years, AGE AVE is the average value of the age in the population and θ AGE is the factor contributed by the covariate.
The following example shows the effect of a discrete covariate such as sex on clearance (CL/F):
TVCL=θ CLF ×(1+SEX×θ SEX ) When sex is female (female=0, male=1), TVCL equals θ CL . For male subjects, the θ cov term is added to the population estimate of clearance to modify this estimate.
For the final model, a backward elimination process was employed to identify significant covariates. The covariates in the full model were excluded one by one. The OFV was compared with that of the full model. A covariate was retained in the model when the elimination of that covariate resulted in an increase in the OFV of 7.88 (chi-square, P<0.005, df=1). We selected the model according to the reduction in the OFV value, goodness-of-fit plots, reductions in the IIV of structure model parameters, residual error, robust model parameter estimation, and model stability.
Model validation
Because the data were collected from routine TDM, there was a wide range in the time points, the number of drug administrations, and the drug dose for different patients. Additionally, observations were sparse data. To evaluate a model on the basis of such a complicated data set, the normalized prediction distribution error (NPDE) method, recently developed by Brendel and colleagues, was suitable. NPDE is a type of model evaluation method that can be used for internal or external evaluation. The NPDE should follow the normal standard distribution in theory, such that it can be used to evaluate different types of study designs [21] . This method was implemented using the NPDE add-on software package, which was run in R (version 2.12.2).
Results
A total of 809 clozapine concentration data sets and 808 norclozapine concentration data sets were collected from 162 patients (74 males, 88 females) at multiple mental health sites in China. The characteristics of the patients are summarized Table 1 .
A one-compartment pharmacokinetic model with mixture error best described the concentration of clozapine and norclozapine. The first-order absorption rate constant (K a ) for clozapine was fixed at 1.3 h -1 based on several pharmacokinetic studies that obtained rich data describing the pharmacokinetics of clozapine in patients [12] . The fraction of the absorbed dose of clozapine converted into norclozapine (KF) was fixed at 0.66 in published papers and was validated by the ratio of the mean amount of norclozapine to the mean amount of clozapine at steady-state in these articles [22, 23] . The PK parameters determined using the FOCE-I method deviated more from the theoretical population and individual predictions than the parameters determined using the FOCE. Therefore, the FOCE method was selected for the model described. The goodnessof-fit plots for clozapine and norclozapine were good ( Figure  2) .
In the final model, sex, and smoking status were identified as significant covariates for the clearance of clozapine and norclozapine. Adding each covariate independently using stepwise forward inclusion improved the fit of the model. The population-predicted clearance of clozapine and norclozapine in female nonsmokers were 21.9 and 32.7 L/h, and the population-predicted volumes of distribution for clozapine and norclozapine were 526 and 624 L, respectively. Smoking was associated with increases in the clearance of clozapine and norclozapine of 45% (P<0.001) and 54.3% (P<0.001), respectively. The clearance of clozapine and norclozapine were 20.8% (P<0.005) and 24.2% (P<0.005) greater, respectively, in males than in females (Figure 3) . Other covariates such as weight and age did not significantly influence the PK parameters of clozapine and norclozapine. The combined effects of sex (P<0.005) and smoking (P<0.001) on the clearance of clozapine and norclozapine were determined. Male smokers were exposed to larger dosages due to the higher clearance of clozapine. The final population PK parameters are summarized in Table 2 .
The graphs of clozapine (A) and norclozapine (B) for the NPDE validated the prediction of the model (Figure 4) . The upper left graph is a quantile-quantile plot (QQ plot) comparing the distribution of the NPDE to the theoretical N (0, 1) distribution, and the upper right graph is a histogram of the NPDE with the density of N (0, 1) overlaid. In the two lower graphs, the NPDE is plotted against time (the independent variable X) and the predicted concentration (predicted Y), respectively [21, 24, 25] . For clozapine and norclozapine, the mean of the distribution of the NPDE was close to 0, and the variance was small. The two lower graphs show that the same trend was observed for both NPDE and the real data. These results indicate that the model of the clozapine and norclozapine concentrations was relatively accurate and reliable.
Discussion
The NONMEM method plays an important role in routine therapeutic drug monitoring, and an increasing number of researchers are using modeling to estimate PK parameters with the sparse sampling design [26] . In our study, we collected blood samples during the absorption and distribution phases and combined these samples with those for elimination phase from TDM to obtain typical values for the clearance and volume of distribution of clozapine and norclozapine. The combined PPK model was used to quantify the effects of sex and smoking status on the clearance of clozapine and norclozapine 
CL, clozapine clearance; V, clozapine volume of distribution; CLM, norclozapine clearance; V M , norclozapine volume of distribution; KF, the fraction of clozapine converting to norclozapin; θSmoking, effect of smoking status on clearance; θGender, effect of smoking status on clearance; σ 1 , coefficient of variation of additive residual error; σ 2 , coefficient of variation of proportional residual error; N/A: not available and to predict the concentrations of these compounds at different dosage levels in Chinese patients with schizophrenia. Clozapine can be converted into more than 10 metabolites. The primary enzymes involved in the biotransformation of clozapine are CYP1A2 and CYP3A4, which convert clozapine into norclozapine and clozapine-N-oxide, respectively. CYP2C19 may also have significant effects on the conversion of clozapine into norclozapine. CYP2C9 and CYP2D6 appear to play minor roles. Norclozapine is further converted into a more polar compound for elimination. The clozapine and norclozapine metabolic pathway had been described in detail by Dain and Khan et al [27, 28] . We built a combined structural model to explain the conversion of clozapine into norclozapine (Figure 1 ) based on the metabolism of clozapine. Therefore, in the current study, we assumed that clozapine was partly converted into norclozapine with a conversion fraction (KF), which was more reasonable than the assumption in previous PPK studies with respect to the process of clozapine metabolism [11, 15, 29] . The model proposed in this study provided an adequate fit to the data for both clozapine and norclozapine.
Smoking status was previously identified as a statistically significant covariate affecting the clearance of clozapine and norclozapine [30, 31] . Because the activity of CYP1A2 is greater in smokers than in non-smokers [9] , the clearance of clozapine is likely influenced by smoking status. It was reported that smoking can increase the clearance of clozapine and that the sudden cessation of smoking can cause a significant decrease in caffeine clearance (P<0.01) of 36.1% [32] [33] [34] . Sex was also reported to be a significant covariate affecting the clearance of clozapine and norclozapine [11, 35, 36] . Previous studies have shown that CYP1A2 activity was lower in females than in males [37] , whereas other studies found no differences in CYP1A2 activity between males and females and insisted that smoking could induce CYP1A2 activity and reduce clozapine clearance [33, 38] . Smoking and male were associated with lower exposure to clozapine and norclozapine due to their higher clearance. Considering the mixed effect of smoking and sex, we made use of the PPK model to quantify the mixture effect on the clearance and concentrations of clozapine and norclozapine. Although our study contained only a few female patients who smoked (n=2), the effect of smoking on females could be inferred by the built model. The clearance of clozapine and norclozapine was 23.6% higher in female smokers than in male nonsmokers.
The clearance of clozapine and norclozapine in Chinese patients was similar to the published value for American patients. The results suggest that the enzyme activity in different populations is not significantly different.
The impact of age on the clearance of clozapine and norclozapine has been investigated. Haring et al [34] found that clozapine concentrations in patients aged between 45 and 54 years were higher than that in patients aged between 18 and 26 years, but the effect was not statistically significant. Another recent study without smoking information demonstrated there was a negative effect of age on the clearance of clozapine [15] . However, in some studies with smoking information, the investigators were unable to find a significant effect of age on the clozapine blood concentration [39, 40] . In our research, the effect of age on the clearance of clozapine and norclozapine was also not statistically significant compared with the effects of smoking status and sex.
The model used in the present study was internally validated using the NPDE. The prediction for clozapine was accurate and reliable, although slight bias existed in the prediction There were some limitations in our study. First, smoking status was assessed using patient self-reporting and nurse evaluations. We dichotomized patients into smokers and nonsmokers but did not assess the magnitude of smoking. A lack of objective biological measures (such as the serum nicotine level) may have resulted in false-positive and falsenegative cases. Second, the intake of concomitant medications in our patients was complicated. Although these concomitant medications might have interacted with the pharmacokinetics of clozapine and norclozapine, this interaction was not adequately confirmed by our study design.
In conclusion, a one-compartment model with first-order absorption adequately described the concentration data for clozapine and its active metabolite norclozapine. Smoking status and sex were identified as two significant covariates affecting the clearance of clozapine and norclozapine. These findings may account for some of the variability in clozapine and norclozapine exposure, and the dosage regimen in Chinese populations may need to be adjusted to improve the efficacy and safety of clozapine based on patients' smoking status and sex.
